Background: Traditionally, the treatment of a thrombosed dialysis access in hemodialysis patients in Korea has been primarily performed by vascular surgeons and interventional radiologists. The objective of this study was to evaluate the outcome of percutaneous thrombectomy procedures performed by an interventional nephrologist. Methods: From October 2010 to May 2014, 75 consecutive percutaneous thrombectomies were performed on 42 patients treated with maintenance hemodialysis. All percutaneous thrombectomy procedures were performed by an interventional nephrologist in a single hospital in Jeju, Korea. The thrombosed arteriovenous graft and arteriovenous fistula were declotted by thromboaspiration mechanical thrombectomy or pharmacomechanical thrombolysis. Kaplan-Meier survival analysis was performed to analyze the primary and secondary patency after the initial successful thrombectomy. Success and complication rates were identified and compared with the recommendations of the Kidney Disease Dialysis Outcomes Quality Initiative (KDOQI) guideline. Results: The overall clinical success rate was 89.3% (67/75). In the successful cases, the postintervention primary (unassisted) patency rates at 30 days, 90 days, and 180 days were 79.9%, 56.6%, and 25.6%, respectively. The secondary patency rates at 30 days, 90 days, and 180 days were 92.2%, 85.7%, and 83.7%, respectively. There were no major complications, and all complications were treated successfully during the procedure. Conclusion: The clinical success rate and primary patency rate at 3 months exceeded the recommendations of the KDOQI guideline, and were comparable to that of other reports. Percutaneous thrombectomy by an interventional nephrologist was safe and effective.
Introduction
In Korea,452,000 patients currently undergo maintenance hemodialysis as a renal replacement therapy, and the proportion of elderly and diabetic patients is growing rapidly [1] . Along with the rapid increase of the hemodialysis population and the hemodialysis life expectancy, the incidence of vascular access complications has also grown at an exponential rate. As such, maintaining a durable dialysis access has become even more challenging. Above all, dialysis access thrombosis remains a nightmare to hemodialysis patients and the dialysis staff. The necessity for a temporary hemodialysis catheter owing to an occluded vascular access can cause much apprehension, pain, and deterioration in the quality of life in a hemodialysis patient. As such, thrombosis of arteriovenous fistula (AVF) and arteriovenous graft (AVG) should be treated as soon as possible without unnecessary delay and within 48 hours, prior to the next dialysis session. Early declotting allows for immediate use of the access without the need for a central venous catheter [2] . At the same time, the current Kidney Disease Dialysis Outcomes Quality Initiative (KDOQI) clinical practice guidelines emphasize that each institution should monitor the outcome of the treatment on the basis of graft patency following percutaneous thrombectomy [3] .
Traditionally, the treatment of thrombosed dialysis access in hemodialysis patients in Korea has been performed by vascular surgeons and interventional radiologists. However, interventional nephrologists are quickly developing into specialists that actively perform dialysis access interventional procedures, and percutaneous thrombectomy by interventional nephrologists has become popular worldwide in recent years.
In the current study, we retrospectively reviewed percutaneous thrombectomy by an interventional nephrologist in a single hospital and report the outcome according to the criteria from the Society of Interventional Radiology (SIR) [4] and the recommended criteria in the KDOQI guidelines.
Methods

Patient population
Seventy-five percutaneous thrombectomy procedures were performed by an interventional nephrologist in a single hospital in Jeju, Korea. All referred patients from other dialysis centers were sent back to the referring doctors after successful treatment, and successful hemodialysis was confirmed by telephone survey to both the patients and dialysis centers.
In this study, access thrombosis was defined as a clinical status that meets all of the following criteria: a totally occluded access without thrill and bruit as seen by physical examination; with thrombus, as confirmed by ultrasonographic examination; and an accesses inability to be used for hemodialysis treatment. Patients were excluded from percutaneous thrombectomy if they had an infected vascular access or severe contrast allergies. There were three cases excluded owing to infected access during this study.
We retrospectively reviewed an existing database from our angiographic unit of consecutive percutaneous thrombectomy procedures for thrombosed arteriovenous fistulas and grafts. This single-center retrospective study was approved by the Korea National Institute for Bioethics Policy (IRB number, P01-201408-RS-01-00), and informed consent was obtained prior to the thrombectomy procedures.
Procedure technique Devices
In all cases, we performed duplex Doppler ultrasound examinations with LOGIQ P5 (GE Healthcare, Salt Lake City, UT, USA) prior to the declotting procedures. All percutaneous thrombectomy procedures were performed in an angiography suite equipped with an INNOVA 3100 Angiographic Imaging System (GE Healthcare). We used devices, such as a noncompliant balloon catheter (Cook, Bloominton, IN, USA) for thrombus maceration and angioplasty, a 5F Fogarty thrombectomy balloon catheter (Edwards Lifesciences, Irvine, CA, USA) for arterial plug removal, and a Desilets-Hoffman sheath (Cook) for thrombus aspiration.
Declotting procedures
Declotting procedures for AVG thrombosis were performed using either a crossed-catheter technique [5] or an apex puncture technique [6] .
In the loop arteriovenous graft, the apex puncture technique was performed for thromboaspiration using a 7F DesiletsHoffman sheath. The apex of the loop graft was punctured with a 21G micropuncture needle set (Cook), and a 7F Desilets-Hoffman sheath was inserted toward the venous limb. If a central vein stenosis was present, percutaneous transluminal balloon angioplasty (PTA) was performed prior to declotting. A thromboaspiration mechanical thrombectomy, using a Desilets-Hoffman sheath, was performed to remove the clot from the venous limb of the graft. Any significant (450%) stenoses in the outflow vein and venous anastomosis were treated by using an over-the-wire noncompliant balloon catheter (Cook) or a high-pressure balloon catheter (Conquest Balloon; Bard, Inc., Covington, GA, USA). After declotting of the venous limb, the sheath was redirected into the arterial limb for thromboaspiration and PTA. If an arterial plug was found, a 5F non-over-the-wire Fogarty thrombectomy balloon catheter was used to dislodge the clot into the arterial limb. After the restoration of a thrill in the access, a diagnostic fistulogram was obtained via digital subtraction analysis to inspect any residual stenotic lesions and complications. If residual thrombus was detected beneath the sheath, the Fogarty balloon catheter was used to dislodge the thrombus and re-establish the flow [7] . In the straight-configuration AVG, a crossedcatheter technique with dual access was applied and the declotting process was performed in the same manner as explained for the loop AVG thrombectomy. After sheath removal, hemostasis was achieved with a modified pursestring suture technique [8] . After a successful thrombectomy, the dialysis access was immediately used for hemodialysis treatment.
The declotting procedures for AVF thrombosis were performed essentially the same way as those in AVG thrombectomies. There was, however, a difference in the sheath approach between the AVG and AVF thrombectomy procedures. The approach for the AVG thrombectomy could be made by using a relatively standard pattern, but the approach for the AVF thrombectomy had to be individually applied according to the characteristics of each AVF and the various causes of thrombosis [9] .
Hybrid technique
In particular cases, such as those with large volumes of hard clots within a huge aneurysm, we also performed a hybrid technique (surgical thrombectomy in combination with endovascular angioplasty) [10] . A 2-3 cm transverse skin incision was made over the dialysis access, followed by its dissection from the surrounding tissue. After the vascular clamps were located proximally and distally, a transverse venotomy was made. Then the thrombus was removed with a 5F Fogarty balloon catheter. The remaining thrombus was removed by manual squeezing. A balloon angioplasty was performed for the stenotic lesions using a noncompliant balloon catheter, and a fistulogram with digital subtraction analysis was obtained. If the stenotic lesions were successfully treated by the balloon angioplasty, the venotomy was closed by a microsurgical technique using 6-0 polypropylene sutures. All hybrid technique procedures were successfully performed in the angiography unit by an interventional nephrologist without complications.
Definitions of outcome
According to the reporting standards from the SIR [4] , technical success was defined as the restoration of flow combined with a residual stenosis of less than 30%, as based on a good thrill. Clinical success was considered to have been achieved when it functioned normally for at least one subsequent hemodialysis session, in addition to the technical success of the declotting procedure. The postinterventional primary patency was defined as the interval after the percutaneous thrombectomy until the next access thrombosis or any subsequent access intervention. The postinterventional secondary patency was defined as the interval after the percutaneous thrombectomy until the access was surgically declotted, revised, or abandoned. Complications were classified as either minor or major in accordance with the reporting standards of the SIR [4] .
Statistical analysis
The data are presented as mean7standard deviation or the percentage. Kaplan-Meier survival analysis was performed to analyze the primary and secondary patency rates after the initial successful thrombectomy. For data analysis and presentation, the R project, version 3.1.0 (The R Foundation for Statistical Computing, Vienna, Austria), was used. For the analysis of patency, the datasets were censored in the cases of patient death, transplantation, and loss of follow-up.
Results
Baseline characteristics
From October 2010 to May 2014, 75 consecutive thrombectomy procedures were performed on 42 patients (27 men and 15 women) with a mean age of 64.5 711.0 years. Among the 42 patients, 34 were diagnosed with AVG and 8 with AVF thrombosis. The mean age of the dialysis access at the time of thrombectomy was 39.5 741.9 months (range, 3-223 months; median, 30 months). The percutaneous thrombectomy cases in AVG and AVF were 67 (89.3%) and eight (10.7%), respectively. In the configuration of AVG, the loop type accounted for 61.2% (41/67) and the straight type accounted for 38.8% (26/67). The baseline characteristics of percutaneous thrombectomies are presented in Table 1 .
Access survival rate
The clinical success rates of AVG and AVF thrombectomy were 89.5% (60/67) and 87.5% (7/8), respectively. Among the loop AVG thrombectomies, 53.7% (22/41) of the declotting procedures were performed through the apex puncture technique, which was 90.9% (20/22) successful. In three cases, mechanical thromboaspiration thrombectomy was performed with a combination of a modified pharmacomechanical thrombolysis technique [11] .
There were seven technical failures during AVG thrombectomy, which were followed by surgical thrombectomy. and 85.4% (95% CI, 76.5-95.4%), respectively. The KaplanMeier survival curve of the postintervention primary and secondary patency of the AVG thrombectomy is shown in Fig. 1 .
Discussion
The KDOQI Vascular Access Guidelines emphasize that each institution should monitor the outcome of treatment on the basis of graft patency after percutaneous thrombectomy [3] , and recommend a clinical success rate of485%. In this study, our overall clinical success rate was 89.3% (67/75), whereas the clinical success rate of AVG thrombectomies was 89.5% (60/67).
There were seven technical failures during AVG thrombectomy; the causes were as follows: failure to pass the guidewire through a totally occluded central vein (2 cases); an incomplete removal of hard, adhesive clots within the large pseudoaneurysm (2 cases);430% residual stenosis owing to a diffuse, thickened neointimal hyperplasia in the graft lumen (1 case); and an intervention withdrawn by the operator's choice (2 cases). In the two withdrawn cases, a surgical thrombectomy with revision was performed subsequently. In the failed case of AVF thrombectomy, a technical success was achieved, but the function of the AVF was inadequate for subsequent hemodialysis treatment.
According to the KDOQI guidelines, the majority of reported 3-month primary (unassisted) patency rates range from 30% to 40% after percutaneous thrombectomy [12] [13] [14] [15] [16] . The Work Group of KDOQI emphasized that percutaneous thrombectomy should achieve a 3-month primary patency rate of 440%. In this study, the 90-day primary patency rates of the total cases and of the AVG cases were 56.6% and 58.8%, respectively. These outcomes exceed the recommended criteria of 40%, and are comparable to the results of previously reported studies [17] [18] [19] [20] [21] [22] [23] (Table 3 ).
There were no major complications that required hospitalization with surgical or medical treatment, and all of the complications were treated successfully during the procedures. There were two cases of minor vein dissection during AVF thrombectomy and three cases of distal arterial embolization during AVG thrombectomy. Distal arterial emboli were percutaneously retrieved successfully during the procedure in two cases, and observed in one other case, which had no symptoms. Several months later, we performed a follow-up, which showed normal arteriogram without emboli. Two cases of minor vein dissection were also successfully treated by prolonged intraluminal balloon inflation during the procedure. Overall, the complication rate was 6.6% (5/75), and no cases of procedure-related death were noted.
Although there are a variety of techniques that have been introduced for mechanical thrombectomy, no clear advantage of one technique over another has ever been documented [9] . In this study, most of the thromboses were treated by a thromboaspiration mechanical thrombectomy using a Desilets-Hoffman sheath. For the declotting procedures of loop AVGs, we preferentially performed an apex puncture technique, which may overcome several of the disadvantages that result from the dual-access, crossed-catheter approach for loop AVG [6] . The Fogarty balloon application technique [7] was useful for compressing or displacing any sheath entry point residual thrombus that did not wash away spontaneously by arterial blood flow. When a residual thrombus was still present despite the use of a Fogarty balloon, it required an additional sheath insertion to remove the sheath entry point thrombus; we defined these steps as dual access, cross-catheter techniques and were hence excluded from the category of the apex puncture technique. In cases of a straight-configuration AVG, the crossed-catheter technique was routinely performed because the direction change of a single sheath was not favorable. Two self-expanding nitinol stents were deployed across the venous anastomosis in the lesion refractory to PTA, and stents were used in 2.56% of the percutaneous thrombectomy procedures in this study. Stents are used sparingly in our center for cases of PTA-induced venous rupture or elastic recoil of stenosis with no surgical option, in accordance with KDOQI Vascular Access Guidelines [3] .
All patients with dialysis access thrombosis that visited our center were imaged with Doppler ultrasonography prior to the declotting procedure, thus allowing for the selection of the more favorable method (percutaneous thrombectomy or surgical thrombectomy). During the preprocedural ultrasonographic examinations of AVF thrombosis, a large majority exhibited distinct causative lesions that tended to require surgical modifications in addition to the thrombectomy, and many cases of AVF thrombosis were treated via surgical thrombectomy by a vascular surgeon. It was common that an AVF thrombosis due to a juxta-anastomotic stenosis with calcified plaques was treated by proximal reanastomosis with surgical thrombectomy. This tendency of AVF thrombosis explains why cases of percutaneous thrombectomy in AVF thrombosis are relatively fewer than those of AVG thrombectomy in this study.
Here, we have focused on thrombectomies, not on entire endovascular procedures. The patency of a dialysis access after mechanical thrombectomy depends on the result of treatment for underlying stenoses [24, 25] , and clot removal is only a part of the procedure. An underlying stenosis is frequently (4 85%) the cause of AVG thrombosis [15, 16] , so a high success rate and longer patency include a successful angioplasty during the thrombectomy procedure. In addition, thrombectomy procedures are not elective but urgent. Most thrombosis episodes are found on the day of the hemodialysis treatment, especially for AVG. Therefore, emergency percutaneous thrombectomy is frequently required to have the hemodialysis treatment as scheduled. According to the European Best Practice Guidelines on Vascular Access, dialysis access thrombosis should be treated without unnecessary delay and within 48 hours, prior to the next dialysis session [2] , and KDOQI guidelines recommend that thrombectomy procedures be performed as soon as possible to avoid the need for a central venous catheter [3] . Therefore, an evaluation of the outcomes of percutaneous thrombectomy procedures represents how well qualified the center is in performing emergency thrombectomies. In this study, all percutaneous thrombectomies were performed within 24 hours of diagnosis. There were no cases where hemodialysis treatment were not undertaken as scheduled, nor were central venous dialysis catheters needed, except in the cases of clinically failed percutaneous thrombectomy followed by a subsequent surgical thrombectomy.
This result indicates that if the nephrologists were actively involved in performing immediate diagnostic and therapeutic interventions, unnecessary delays in declotting procedures could be avoided by reducing the waiting time caused by referring patients between multiple departments.
Because nephrologists are typically the first doctor to notice a thrombosis event and the closest physician who can monitor vascular access for extended periods in the hemodialysis center, it would be ideal for the patients for the nephrologist to perform the salvage procedures for a clotted dialysis access. Owing to their unique perspectives on the hemodialysis treatment and hemodynamics of vascular access, these specialists are ideally suited to perform this activity. Indeed, recent data have emphasized that nephrologists can safely and successfully perform these procedures with excellent results [9] . Likewise, the outcome of this study satisfied the recommendations of the KDOQI guidelines, and was comparable to other reports. Percutaneous thrombectomy performed by an interventional nephrologist was safe and effective, and this result was in accordance with current trends indicating that endovascular treatment by interventional nephrologists has become more popular worldwide.
